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I n troduc t i on 

I n  the  present work, the m ic ros t ruc tu ra l  changes occu r r i ng  i n  two U. S. 
coals du r ing  low temperature ashing (LTA) have been examined using a 
scanning transmi ss ion e lec t ron  microscope (STEM) and automated image 
analysis i n  an e l e c t r o n  microprobe. 
technique, can be used to prov ide a q u a n t i t a t i v e  analysis, by species, 
o f  t h e  mineral p a r t i c l e s  >0.2 pm i n  diameter i n  petrographic samples o f  
powdered coal .  A f u l l  desc r ip t i on  o f  the operat ion o f  automated image 
anaylsis rou t i nes  f o r  coal science app l i ca t i on  may be found 
elsewhere(1-5). The STEM, by comparison, w i t h  i t s  h igh  s p a t i a l  
reso lu t i on  f o r  imaging and compositional analysis, can be used to 
examine u l t r a - f i n e  mineral p a r t i c l e s  (diameters <0.2 pn) i n  coal (6-91, 
and also to d i r e c t l y  determine the p r i n c i p a l  inorganic elements 
chemical ly bound i n  t h e  organic  coal ma t r i x (9 ) .  These two  techniques 
therefore can be used together  i n  a complementary manner to provide a 
de ta i l ed  c h a r a c t e r i z a t i o n  o f  the mineral matter i n  coal samples(9). For 
the present task, t h e i r  a b i l i t y  to work d i r e c t l y  on e i t h e r  raw coal or 
ash samples was a lso a great  advantage. 

I n  support o f  t he  e l e c t r o n  o p t i c a l  analys is  o f  LTA transformat ions, 
complex thermochemical c a l c u l a t i o n s  have a1 so been made. These 
ca l cu la t i ons  serve two purposes. 
fundamental thermodynamic understanding o f  mineral matter behavior under 
LTA condit ions. Secondly, the ca l cu la t i ons  a s s i s t  the e lec t ron  
microscopis t  i n  i d e n t i f y i n g  species by p red ic t i ng  the  poss ib le  products 
o f  observed reactants .  
to d i s t i n g u i s h  var ious species by e lect ron d i f f r a c t i o n ,  r a t h e r  than 
energy-dispersive X-ray spectrometry (as when deal ing w i t h  the  many 
oxides, su l f i des ,  and s u l f a t e s  o f  i r on ) .  The l i m i t a t i o n  on t h i s  
computational technique i s  t h a t  chemical e q u i l i b r i u m  i s  assumed b u t  may 
no t  be reached over the  du ra t i on  o f  a t yp i ca l  LTA experiment. 

The l a t t e r ,  a computer based 

The f i r s t  i s  t o  provide a more 

T h i s  serves as guide when i t  becomes necessary 

*This work supported by U.S. Department o f  Energy, DOE, under contract  
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Experimental 

The coals used i n  the  present experiments were PSOC 98, a h igh-  
vo la t i l e -C  bituminous coal from Wyoming (Bed 880 seam), and PSOC 
279, a h igh -vo la t i l e -B  bituminous coal f r o m  Indiana ( Ind iana t 3  seam) 
obtained from the Penn State Coal Bank. 
i n  the present work was an LTA-504 f r o m  LFE Corporation. 
small specimens were removed from a sample o f  each coal a f te r  1, 3, 6, 
12, 24, 48, and 72 hours o f  ashing. 
used f o r  subsequent STEM analyses. 

The low temperature asher used 
Dur ing ashing, 

These par t ia l ly -ashed samples were 

, 

Thermochemical Modeling 

The complex equ i l i b r i um code used i n  t h i s  work was an extension of the  
code o r i g i n a l l y  developed by Er ickson( l0-12) and l a t e r  mod i f i ed  by 
Bessman(l3). The code, SOLGASMIX-PV, has been in te r faced  w i th  a data 
base t h a t  i s  a compi la t ion  o f  thermodynamic data f r o m  JANAF(14) and t h e  
U. S. Geological Survey( 15). 

The elements included i n  the equ i l i b r i um ca lcu la t i ons  were: 
Mg, A l ,  S i ,  S, Ca, and Fe. The numbers o f  moles o f  each element (based 
on the analyses o f  each coa l )  were entered as oxides. An excess of  
oxygen was inc luded to simulate the  oxygen-rich environment o f  the LTA. 
The equ i l i b r i um temperature was se t  a t  150°C w i th  a pressure o f  one 
atmosphere. The l i s t  o f  species inves t iga ted  f o r  equ i l i b r i um s t a b i l i t y  
i s  too long to present here, b u t  included a l l  o f  the combinations o f  the 
above elements given i n  the JANAF data base as we l l  as many carbonates, 
su l  fates, a1 mi no-si l i ca tes ,  and sodium-a1 uminum si1 i c a t e s  tabu1 ated by 
the  U.S. Geological Survey. 

H, C, 0, 

Results 

PSOC 98 

Low temperature ashing produced rad i ca l  s t r u c t u r a l  changes i n  PSOC 98 
which resu l ted  i n  i nd i v idua l  ash p a r t i c l e s  having a gauzy appearance i n  
the  STEM. 
a f i n e  three-dimensional network w i t h  denser p a r t i c l e s  suspended wi th in 
the  ash mat r ix .  
t he  same s o r t  o f  mineral i nc lus ions  observed i n  the raw coal. E lec t ron  
d i f f r a c t i o n  pa t te rns  taken o f  the  ash showed c r i s p  r i n g s  c h a r a c t e r i s t i c  
o f  c r y s t a l l i n e  mater ia l .  
revealed Ca and S, as i n  the raw coal matr ix.  With t h i s  add i t i ona l  
compositional in fo rmat ion ,  the  d i f f r a c t i o n  pa t te rns  were indexed and 
the  presence o f  t he  mineral bassani te, CaS04.1/2H20, was establ ished. 
The gra in  s ize  o f  the  bassanite networks forming the matr ices o f  the  ash 
p a r t i c l e s  was on the order o f  30 nm, as determined from standard dark 
f i e l d  images formed f r o m  po r t i ons  o f  the bassani te r i n g  pa t te rn .  

Stereomicroscopic examination revealed t h a t  t he  "gauze" was 

STEM microanalysis showed these dense p a r t i c l e s  to be 

Analysis o f  the  ash ma t r i x  i n  the STEM 
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Subsequent X-ray d i f f r a c t i o n  analys is  o f  the material ashed f o r  72 hours 
showed bassani te to be one o f  the three p r i n c i p a l  minerals found a f t e r  
LTA ( together  w i t h  quar tz  and k a o l i n i t e ) .  

PSOC 279 

The raw p a r t i c l e s  o f  PSOC 279 were s i m i l a r  i n  appearance to those of  
PSOC 98. 
consisted o f  an agglomeration o f  mineral pa r t i c l es ,  p r i n c i p a l l y  quartz, 
clays, and p y r i t e .  These were the predominant mineral species found i n  
the raw coal by the e lec t ron  microprobe analysis. 
three major species found by X-ray d i f f r a c t i o n  i n  the mater ia l  ashed f o r  
72 hours. 

"Gauzy" ash p a r t i c l e s ,  very s i m i l a r  i n  appearance to those i n  the PSOC 
98 ash, were l e s s  c o m n  than the agglomerate type but  were also found 
i n  the STEM samples. The c h a r a c t e r i s t i c  inorganic signature o f  the 
organic ma t r i x  o f  raw PSOC 279 p a r t i c l e s  was a combination o f  an A1 and 
a S i  s ignal .  Again, t he  same combination was ca r r i ed  over i n t o  the  
matr ices o f  t he  gauzy type o r  ash f o r  t h i s  coal. 

STEM examination o f  t h e  low temperature ash of PSOC 279 showed t h a t  much 
o f  the p y r i t e  i n  the s t a r t i n g  coal survived the f u l l  72 hours o f  
ashing. 
ash, as mentioned e a r l i e r .  STEM analys is  was also done on p a r t i c l e s  o f  
small (<BO nm diameter)  c rys ta l s .  These p a r t i c l e s  were Fe and S r i c h ,  
b u t  w i th  much lower S:Fe r a t i o s  than p y r i t e .  A s i g n i f i c a n t  p o r t i o n  o f  
these p a r t i c l e s  had a cubic morphology. No minerals o f  t h i s  type were 
observed dur ing STEM examination o f  the raw Indiana coal. 

The most comnonly observed type o f  ash pa r t i c l e ,  however, 

These were a lso the 

This was conf i rmed by the X-ray d i f f r a c t i o n  analysis o f  the 

Modeling Resul ts 

Figure 1 i l l u s t r a t e s  the s tab le  condensed phases predicted by the 
equ i l i b r i um c a l c u l a t i o n s  for  low temperature ashing conditions. The 
r e s u l t s  shown are f o r  PSOC 98 b u t  apply as well  f o r  PSOC 279 except f o r  
the r e l a t i v e  amounts o f  each specie. 

Discussion 

Bassani t e  format ion i s  comnonly observed during low temperature ashing, 
p a r t i c u l a r l y  f o r  western coals. I t  i s  bel ieved to form by three means: 
dehydrat ion o f  gypsum (CaS04.2H20) found i n  the raw coal (16,171, 
reac t i on  o f  organic  S and the mineral c a l c i t e  (CaC03)(18),and d i r e c t  
reac t i on  o f  organic Ca and S(19,20). These reactions have proven to be 
hard to d i s t i n g u i s h ,  because o f  the d i f f i c u l t y  o f  analyzing the s t a r t i n g  
mineral content o f  raw coal samples by conventional techniques, and the 
i n a b i l i t y  o f  these same techniques to f i n d  and examine pa r t i a l l y -ashed  
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p a r t i c l e s  to observe the reac t i on  i n  progress. The use o f  the 
e lect ron-opt ica l  analys is  techniques described i n  t h i s  paper, however, 
overcame both o f  these problems, as w i l l  now be described. 

The STEM r e s u l t s  f o r  PSOC 98 i n d i c a t e  t h a t  the organic ma t r i x  o f  the raw 
Coal contained Ca and S i n  a non -c rys ta l l i ne  form. This i s  cons i s ten t  
w i t h  the Penn State su l fur - forms analys is  which ind icates t h a t  most o f  
t he  S i n  the coal i s  i n  an organic  form. 
Small percentages o f  Ca-bearing minera ls  found by the e lec t ron  
microprobe, since other  i n fo rma t ion  i nd i ca tes  t h a t  PSOC 98 conta ins a 
r e l a t i v e l y  l a rge  amount o f  calcium. 

Apparently, the organic  ma t r i x  o f  the coal i t s e l f  was the o r i g i n  of the 
Ca and S needed f o r  bassani te formation. The f a c t  t h a t  calc ium 
sulphate would form under these condi t ions was confirmed by the  r e s u l t s  
o f  the thermochemical c a l c u l a t i o n s  (see Fig. 1) which i nd i ca ted  t h a t  
s u f f i c i e n t  s u l f u r  was present i n  the  coal to react  wi th  the ca lc ium and 
prevent the format ion o f  o ther  species, such as calcium carbonate 
( c a l c i t e )  . 
The d e t a i l s  o f  t h i s  LTA reac t i on  process were brought to l i g h t  by the 
STEM examination o f  the pa r t i a l l y -ashed  samples. I n  general, these 
samples were simply made up o f  mixtures o f  r a w  coal and fu l ly -ashed 
p a r t i c l e s  i n  vary ing proport ions,  based on the amunt o f  ashing time 
they had seen. However, it was s t i l l  poss ib le  to f ind  i n d i v i d u a l  
p a r t i c l e s  which themselves were o n l y  p a r t i a l l y  ashed. 

I n  such a p a r t i c l e  i t  appears t h a t  the f i n e  bassanite network forms 
cont inuously as the organic ma te r ia l  i s  burned away and the Ca and S are 
f reed f rom the matr ix .  Mineral i nc lus ions  o r i g i n a l l y  present i n  the raw 
coal p a r t i c l e  o f t e n  remain entrapped w i t h i n  t h i s  network as i t  forms. 
The bassanite network created thus determines the s t ructure o f  the low 
temperature ash o f  PSOC 98. 

It i s  i n t e r e s t i n g  to speculate on the poss ib le  o r i g i n  o f  the "gauze" 
developed by t h i s  react ion.  
western U.S., organic  Ca i s  r e a d i l y  ion-exchangeable(21). 
ind icates t h a t  the Ca has ready access to the pore s t ructure o f  the 
coal. I f ,  dur ing LTA, the Ca i n  the  raw coal reacts i n  place w i t h  the 
organic S and the oxygen plasma, i t  could be t h a t  the bassani te gauze 
produced has a network s t ruc tu re  r e l a t e d  to the pore s t ruc tu re  o f  the 
raw coal. 
comparable to the diameters o f  a s i g n i f i c a n t  po r t i on  o f  the pores 
l i k e l y  to be found i n  coal(22). It may therefore be poss ib le  to ob ta in  
heretofore unobtainable topographical  in format ion o f  the pore s t ruc tu re  
o f  pu lver ized coal p a r t i c l e s  by ca re fu l  LTA experiments. Th is  
informat ion would be o f  great  use f o r  modeling the combustion o f  such 
p a r t i c l e s  i n  comnercial bo i l e rs .  Fur ther  work i s  under way to 
inves t i ga te  t h i s  p o s s i b i l i t y .  

Although most o f  t he  ash produced f r o m  PSOC 279 consisted o f  p a r t i c l e s  

It also explains the r e l a t i v e l y  

It i s  wel l  known t h a t  f o r  coals f r o m  the  
This  

The 30 nm s ize o f  the bassani te c r y s t a l l i t e s  i s  a lso 
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which appeared to be agglomerates o f  the  mineral i nc lus ions  found i n  the 
raw coal, some "gauzy" p a r t i c l e s  were also generated dur ing  ashing. 
analogy to t h e  r e s u l t s  from PSOC 98 j u s t  described, t h i s  suggests t h a t  
the  gauze was produced from inorganic elements chemical ly bound i n  the  
organic ma t r i x  o f  t h e  s t a r t i n g  coal .  Un l ike  the Wyoming coal, however, 
the coal from Indiana had a mat r ix  t h a t  contained p r i m a r i l y  A1 and S i .  
This combination o f  elements has been found by STEM ana lys is  i n  the 
ma t r i x  o f  another midwestern coal as we l l (9 ) .  The STEM ana lys is  o f  t he  
gauzy ash p a r t i c l e s  f o r  PSOC 279 also showed p r i n c i p a l l y  A1 and S i .  I t  
appears t h a t  f o r  t h i s  coal, the A1  and S i  from the organic ma t r i x  could 
reac t  dur ing  ashing t o  produce new c r y s t a l l i n e  mineral matter. This 
t ransformat ion dur ing  LTA has no t  been prev ious ly  reported. 

The thermochemical modeling o f  the  system ind ica ted  t h a t  A1 and S i  
should p r e f e r e n t i a l l y  reac t  together w i t h  the oxygen o f  the  LTA plasma to 
form one o r  more a lumino-s i l icate compounds, as opposed to the separate 
formation o f  alumina and s i l i c a .  
by e lec t ron  d i f f r a c t i o n  i n  the  STEM, f o r  several reasons. F i r s t ,  the 
mineral i n c l u s i o n  content  o f  the gauzy p a r t i c l e s  was much h igher  f o r  
t h i s  coal than f o r  PSOC 96. I n  add i t ion ,  the microprobe r e s u l t s  show 
t h a t  near ly 30 percent o f  these inc lus ions  were a lumino-s i l icates o f  
various types. 
p a r t i c l e s  the re fo re  tended to be qu i te  complex, and not r e a d i l y  amenable 
to i n te rp re ta t i on .  An attempt was made to use m i c r o d i f f r a c t i o n  on the  
small regions o f  t he  network ma t r i x  which appeared to be r e l a t i v e l y  
inc lus ion- f ree .  However, t he  mater ia l  was qu ick ly  destroyed by the h igh  
beam currents invo lved.  The most t h a t  can be sa id  f r o m  the  present work 
i s  that STEM microanalys is  supports the  p red ic t i on  o f  t h e  thermochemical 
model by conf i rming the  combined presence o f  A1 and S i  i n  the mat r ix  o f  
the gauzy ash p a r t i c l e s  f r o m  PSOC 279. 

The thermochemical m d e l i n g  a1 so p red ic t s  another LTA transformat ion f o r  
PSOC 279. 
phase under the  low temperature ashing condi t ions,  and i s  expected to 
transform to an FeZ(S04)3-type compound. Su l fu r  i s  expected to leave 
the  system as SO3 vapor. 

A va r ie t y  o f  LTA transformat ions i n v o l v i n g  Fe- and S-bearing compounds 
have been repor ted prev ious ly .  P y r i t e  has been reported as e i t h e r  
remainin unchanged(16,25), reac t ing  to form coquimbite and o the r  Fe3+ 
sulfates?l7,24,25), o r  o x i d i z i n g  to hemati te( l9) .  I t  i s  genera l ly  
accepted t h a t  rozen i te  and o ther  Fez+ su l fa tes  ox id i ze  to Fe3+ su l fa tes  
dur ing  LTA(17,23-25). Indeed, i n  the m s t  recent o f  these papers it was 
shown by Mossbauer spectroscopy that, f o r  the LTA condi t ions used, a l l  o f  
the  Fe3+ s u l f a t e  produced dur ing  LTA o r ig ina ted  f r o m  the  Fe2+ s u l f a t e  i n  
the  s t a r t i n g  coal ,  w h i l e  the  p y r i t e  remained unaffected(23).  

The STEM r e s u l t s  o f  t he  present work i nd i ca te  t h a t  a s i g n i f i c a n t  amount 
o f  p y r i t e  d i d  appear to reac t  dur ing  LTA. The p y r i t e  t h a t  survived the  
LTA re ta ins  i t s  dense appearance under STEM examination, along w i th  i t s  
cubic morphology and h igh  s u l f u r  t o  i r o n  r a t i o .  

I n  

This cou ld  no t  be d i r e c t l y  confirmed 

Selected area d i f f r a c t i o n  pa t te rns  o f  po r t i ons  o f  gauzy 

The modeling r e s u l t s  i nd i ca te  tha t  p y r i t e  i s  no t  a s tab le  

By comparison, the 
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decomposition product has a h igh l y  porous s t ruc tu re ,  a much lower S:Fe 
r a t i o ,  and, i n  many (bu t  no t  a l l )  instances, has apparently l o s t  i t s  
o v e r a l l  cubic shape. It was d i f f i c u l t  to obta in  e lec t ron  d i f f r a c t i o n  
pa t te rns  from these l a t t e r  p a r t i c l e s  because o f  t h e i r  unstable nature 
under the e lec t ron  beam. I n  the few instances where a d i f f r a c t i o n  
pa t te rn  was success fu l l y  recorded, the bes t  f i t  f o r  indexing the  pa t te rn  
appeared to be the  Fe3+ su l fa tes ,  coquimbite and para-bu t le r i te .  The 
la rge  propor t ion  o f  these low S:Fe r a t i o  p a r t i c l e s  ( r e l a t i v e  to 
surv iv ing  p y r i t e  p a r t i c l e s )  observed i n  the ashed PSOC 279 r u l e s  o u t  t he  
p o s s i b i l i t y  o f  t h e i r  format ion being completely the r e s u l t  of t he  
ox ida t i on  o f  t he  s t a r t i n g  i r o n  su l fa tes  i n  t h i s  coal. 
small f r a c t i o n  o f  the  s t a r t i n g  mineral  mat ter  i n  the coal was present 
i n  the  form o f  Fe2+ su l fa te .  

For the  LTA condi t ions used i n  the present work, p y r i t e  i n  the s t a r t i n g  
coal d i d  p a r t i a l l y  decompose. Th is  appeared to occur on a 
p a r t i c l e - b y - p a r t i c l e  basis; no in te rmed ia te  reac t ion  products were 
observed. 
dur ing  LTA has been shown prev ious ly  i n  t e s t s  where p y r i t e s  f r o m  
d i f f e r e n t  sources were subjected t o  LTA(19). The reason f o r  t h i s  
behavior i s  s t i l l  no t  known. 

One add i t i ona l  p red ic t i on  o f  the thermochemical modeling requ i res  
comnent. Si02 i s  no t  thermodynamically stable under LTA cond i t ions ,  b u t  
ins tead should be reac t i ng  w i t h  o the r  compounds to form 
a lumino-s i l i ca tes .  However, s i l i c a  p a r t i c l e s  were s t i l l  e a s i l y  
i d e n t i f i a b l e  as a specie surv iv ing  LTA. There are a t  l e a s t  two  possible 
explanat ions f o r  t h i s .  The f i r s t  i s  t h a t  s i l i c a  was genera l l y  found i n  
r e l a t i v e l y  l a r g e  p a r t i c l e s ,  and so was no t  able to mix i n t i m a t e l y  with 
o ther  compounds. Secondly, the  k i n e t i c s  o f  many rac t ions  may be too 
slow f o r  them to take place i n  the  time frame o f  a LTA experiment. As 
was po in ted  o u t  e a r l i e r ,  the thermodynamic models assume t h a t  
equ i l i b r i um i s  reached. 

Only a very  

The ra the r  sporadic na ture  o f  the  decomposition o f  p y r i t e  
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Figure 1 - Thermodynamically s tab le  condensed phase species as 
predic ted by t h e  e q u i l i b r i u m  thermochemical modeling. 
The p l o t  shows the  number o f  moles o f  each s tab le 
specie t h a t  would be produced a f t e r  equ i l ib r ium was 
reached under LTA condi t ions.  
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